2 Skyrmions, topologically-protected nanometric spin vortices, are being investigated Skyrmions are promising for spintronics applications firstly because they are stable due to their topological nature, and secondly because they can be manipulated by an ultra-low current density [17] [18] [19] [20] [21] . The recent discovery of skyrmion formation at and above room temperature in a new group of chiral magnets, β-Mn-type Co-Zn-Mn alloys, has provided a significant step toward applications 12 . These materials possess a chiral cubic crystal structure with space group P 4 1 32 as shown in Fig. 1 A square-lattice SkX state, characterized by double-q vectors orthogonal to each other and perpendicular to the magnetic field, also shows up as a 4 spot pattern in the H beam geometry. In the H ⊥ beam geometry, the helical multi-domain state shows 4 spots, the conical state 2 spots on the horizontal axis, and both the triangular and square-lattice SkX states each 2 spots on the vertical axis.
Skyrmions, topologically-protected nanometric spin vortices, are being investigated magnetic-field region, including down to zero temperature and up to the critical magnetic field of the ferromagnetic transition. Furthermore, the lattice form of the metastable SkX is found to undergo reversible transitions between a conventional triangular lattice and a novel square lattice upon varying the temperature and magnetic field. These findings exemplify the topological robustness of the once-created skyrmions, and establish metastable skyrmion phases as a fertile ground for technological applications.
Non-collinear and non-coplanar spin textures have recently attracted much attention as a source of various emergent phenomena 13, 14 , such as multiferroicity, topological Hall effect, etc. Among them, magnetic skyrmions are a prototypical example of a non-coplanar spin texture with a nanometer size, emerging from several microscopic mechanisms in various kinds of magnets [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . One class of such materials is structurally-chiral magnets, such as MnSi 2 , Fe 1−x Co x Si 3 , FeGe 4 with B20-type structure and Cu 2 OSeO 3 8, 9 . These compounds show a long-period helical magnetic state as the ground state, described by a single magnetic modulation vector (q vector) whose magnitude is determined mainly by the competition between the ferromagnetic exchange interaction and the Dzyaloshinskii-Moriya (DM) interaction 15, 16 .
Under magnetic fields, such a chiral magnet undergoes a first-order phase transition to a skyrmion crystal (SkX) state. A single skyrmion is characterized by a topological charge of -1 as defined by Skyrmions are promising for spintronics applications firstly because they are stable due to their topological nature, and secondly because they can be manipulated by an ultra-low current density [17] [18] [19] [20] [21] . The recent discovery of skyrmion formation at and above room temperature in a new group of chiral magnets, β-Mn-type Co-Zn-Mn alloys, has provided a significant step toward applications 12 . These materials possess a chiral cubic crystal structure with space group P 4 1 32 as shown in Fig. 1(a) . Below a critical temperature T c ∼ 480 K, Co 10 Zn 10 displays a helical state with a periodicity of λ ∼ 185 nm 12, 22 . By par-tial substitution with Mn, both T c and λ decrease, and the target material of the present study, Co 8 Zn 8 Mn 4 , exhibits T c ∼ 300 K and λ ∼ 125 nm 12 . Small angle neutron scattering (SANS) and Lorentz transmission electron microscopy (LTEM) measurements 12 unambiguously demonstrated the formation of triangular-lattice SkX (Fig. 2(a) and starting from the equilibrium SkX state formed at 284 ≤ T ≤ 300 K, as denoted with the pink arrow in Fig. 1(b) . The metastable SkX state survives over a wide (T, H) region down to low temperatures, up to the field-induced spin-collinear (ferromagnetic) phase for positive field, and even down to negative field regions. Furthermore, transformations of the SkX between a conventional triangular lattice and a novel square lattice ( Fig. 2(a) ) were observed by changing the temperature or magnetic field within the metastable SkX state.
To demonstrate our findings, first, we summarize in Fig. 2 A square-lattice SkX state, characterized by double-q vectors orthogonal to each other and perpendicular to the magnetic field, also shows up as a 4 spot pattern in the H beam geometry. In the H ⊥ beam geometry, the helical multi-domain state shows 4 spots, the conical state 2 spots on the horizontal axis, and both the triangular and square-lattice SkX states each 2 spots on the vertical axis.
Keeping the above relations in mind, we next consider the results (Fig. 3 ) of the FC process at 0.04 T, i.e. by way of the thermodynamical equilibrium triangular-lattice SkX region (green region in Fig. 1(b) ). The SANS images in Fig. 3(b) show that the pattern obtained from the equilibrium triangular-lattice SkX generated at 295 K persists down to 200
K. This is a direct demonstration of the realization of the metastable SkX state that exists outside of the equilibrium state for temperatures below 284 K. The lifetime of this metastable SkX is very long and becomes essentially time-independent below 260 K ( Supplementary Fig.   S4 ). At 120 K, the triangular-lattice SkX pattern has partially transformed into 4 spots.
At 40 K, the 4 spots become clearer and their |q|(≡ q) values become larger than they were at higher temperatures. The 4 spot pattern observed at low temperatures corresponds to a square-lattice SkX. A priori, the 4 spot pattern could be interpreted as evidence for a helical multi-domain state. However, this is ruled out by observing the re-warming process (Fig. 3(c) ), where the triangular-lattice SkX is recovered already by 200 K, much below the equilibrium SkX phase (T ≥ 284 K). Hence, a transition is indeed observed between a triangular-lattice SkX and a square-lattice SkX, both endowed with finite topological charge, as opposed to a helical multi-domain state with zero topological charge. In the H ⊥ beam geometry ( Fig. 3(b) ), the existence of two horizontal and two vertical spots indicates that there is a coexistence of a conical state (horizontal spots) and the SkX (vertical spots), and the intensity from the conical state decreases as the temperature is lowered.
To examine the SkX structural transition more quantitatively, we show the temperature dependence of the total scattered SANS intensity from the SkX states in Only for the field-sweeping measurements at 40 K in the H ⊥ beam geometry, the neutron wavelength was changed to 7Å to obtain a wider coverage of the Bragg scattering in this measurement process.
The mounted single-crystalline sample was installed into a horizontal field cryomagnet so 
Analysis of SANS data
In many SANS images measured in the H beam geometry, a 12 spot pattern from the triangular-lattice SkX state (left panel of Fig. S2(a) ) and a 4 spot pattern from the square-lattice SkX state or helical state (right panel of Fig. S2(a) ) overlap, as seen in Fig.   S2 (b), which shows representative data taken at 120 K during the FC process. We estimated the intensity and q-value for each component from the SANS data summed over all rocking angles, and by the follow procedure.
First, the scattered intensity as a function of q, and averaged over an azimuthal angle
• (indicated by a blue frame in Fig. S2(b) ) and θ 0 = 0 • (indicated by a purple frame in Fig. S2(b) ) with ∆θ = 10
• .
Here, θ is defined as the azimuthal angle (clockwise) from the q y axis in the H beam Gaussian area and center in the main peak are defined as A 1 and q 1 , and those in the second peak are defined as A 2 and q 2 , respectively. These A 1 and q 1 are the total scattered intensity and q which are plotted against temperature or field in Figs. 3, 4 and S5-8. The second peak in the triangular-lattice SkX component with the relation of q 2 ∼ √ 3q 1 (Fig. S2(c)) derives from the vector sum of two of the triple-q reciprocal lattice basis vectors from the other domain. The second peak in the square-lattice SkX component with the relation of q 2 ∼ 2q 1 (Fig. S2(d) ) arises from the higher harmonics of q 1 , indicating the deviation of the spin modulation from a simple sinusoidal function.
Identification of equilibrium SkX state
We identified the equilibrium SkX state by AC magnetic susceptibility and SANS mea- 
Long lifetime of metastable SkX
Here we estimate quantitatively the lifetime of the metastable SkX state. Figure S4 shows the time dependence of the normalized AC magnetic susceptibility, defined as R(t) ≡ (χ 
Robust metastable SkX
The field dependence of the AC magnetic susceptibility and the SANS intensity was investigated at 240 K after FC from 295 K at 0.04 T (Fig. S5) . Figure S5 This indicates the metastable nature of the initial state in the blue-shaded region. Figure   S5 (b) shows the field-variation of the associated SANS patterns. In the field-sweeping toward the positive field direction, the metastable triangular-lattice SkX state with the 12 spot pattern survives up to 0.15 T, just before entering the field-induced ferromagnetic state.
In the field-sweeping toward the negative field direction, the helical state with the 4 spot pattern gains intensity but the intensity from the triangular-lattice SkX is still detected, even down to H = -0.04 T, as clearly exemplified by the total scattered SANS intensities plotted in Fig. S5(d) . The intensity distribution for H beam and H ⊥ beam geometries is different for H = ±0.15 T. During these field-sweeping measurements, the q values do not change much, as shown in Fig. S5(e) . The triangular-lattice SkX is absent in the fieldsweeping process after ZFC avoiding the equilibrium SkX state (see Supplementary Fig. S7 ).
In the returning process from the ferromagnetic region where the metastable skyrmions are completely destroyed, SANS intensity is only observed from the conical state as displayed in Fig. S5(f) . These SANS results are in accord with the AC magnetic susceptibility in terms of both their asymmetry with respect to the sign of magnetic field, and their historydependence.
Helical state in the ZFC process Figure S6 shows a ZFC process from 310 K. The helical state with 4 spot SANS pattern shows almost the same q-value and temperature dependence as those patterns observed from the square-lattice SkX state in the FC process ( Fig. S6(d) ). Figure S7 shows the fieldsweeping process at 240 K after ZFC. The helical state persists up to 0.08 T after which it transforms into the conical state. The field dependence of the AC magnetic susceptibility (Fig. S7(c) ) and the SANS intensity ( Fig. S7(d) ) is totally different between the ZFC and the FC processes, while the respective q-values remain similar. Figure S8 shows the fieldsweeping process at 40 K after ZFC. Here the helical state persists up to 0.35 T just below the field-induced ferromagnetic state. The q-value and its field dependence in the helical state are also very close to those displayed by the square-lattice SkX state (Fig. S8(e) ).
However, the 12 spot pattern (or ring-like pattern) from the triangular-lattice SkX state as displayed in Fig. 4(b) was never observed around 0.3 T in this process, indicating that the state from which the 4 spot pattern is observed here is distinct from that observed in the in the H beam geometry (defined similarly as Fig. S2(d) ). (e) Field dependence of q of the helical state (green circle symbols) (defined similarly as Fig. S2(d) ). In panels (c), (d),
and (e), the data obtained also at 40 K but after the FC process (Figs. 4(c) , (d), and (e)) are also plotted for comparison.
